Introduction
Cathepsin C (CTSC), also known as dipeptidyl aminopeptidase I, is a lysosomal proteinase of the papain type that functions in removing dipeptides from the amino terminus of its substrates [1, 2] . It is chemically composed of 4 identical units. Each unit is composed of 3 different polypeptide chains: the heavy chain, the light chain and the exclusion domain [3] . The exclusion domain is noncovalently attached to the heavy and light chains, forming a heterotrimeric structure [4] . CTSC is expressed in many tissues, such as the epithelium including those of the palms, soles, knees and keratinized oral gingiva [5, 6] , immune cells, including natural killer cells, polymorphonuclear cells and T lymphocytes [7] , and other cells such as fibroblasts and osteoclasts [8] . Thus, disturbances in the function of CTSC will lead to abnormalities especially in the places where it is highly expressed, such as the epithelium and the immune cells [7] . For instance, immune cells such as natural killer cells and T lymphocytes require the presence of activated granzyme A and granzyme B in order for them to be able to exert their cytolytic activity, and these granzymes are activated by the cleavage of their N-terminal peptide that is performed by CTSC. Therefore, mutations in the CTSC gene are expected to lead to an increased frequency of infections [1, 7, 9, 10] . Similarly in the skin, mutations in CTSC might affect the epithelial differentiation process and lead to hyperkeratosis [11] .
Papillon-Lefèvre syndrome (PLS; OMIM 245000) is an autosomal recessive disorder occurring at a frequency of 1-4 persons per million with no sex predilection. PLS occurs due to mutations in the CTSC gene on chromosome 11q14 and involves the skin, gingiva and teeth [12] . To date, more than 50 mutations have been reported in the literature. Here, we report 3 families from distinct geographical regions demonstrating the same recurrent mutation in the CTSC gene. Our data provide evidence for a founder effect among CTSC mutations in PLS.
Patients and Methods

Patients
We analyzed 3 families affected with classical features of PLS, 2 from Pakistan and 1 from Lebanon. After obtaining informed consent, we collected peripheral blood samples from members of these families in EDTA-containing tubes (under institutional approval and in adherence to the Declaration of Helsinki principles). Genomic DNA was isolated from the samples according to standard techniques.
The patients reported that initially they developed palmoplantar keratoderma which later on progressed proximally followed a few years later by gingivitis and loss of teeth. On physical examination, the patients showed palmoplantar hyperkeratosis ( fig. 1 
Mutation Analysis
All exons of the CTSC gene with adjacent sequences of exonintron borders were amplified by PCR with primers and conditions described previously [13] . The amplified PCR products were directly sequenced in an ABI Prism 310 Automated Sequencer, using the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems, Foster City, Calif., USA).
Haplotype Analysis
In order to determine whether the mutation detected was a founder mutation or whether the site was a hot spot for mutations, genomic DNA samples from affected individuals were amplified using the 2 known microsatellite markers CTSC-3΄and CTSCint3 [14] that flank the site of the mutation using the primers listed in table 1 . The amplification conditions for each PCR were 94 ° C for 2 min, followed by 35 cycles of 94 ° C for 30 s, 55 ° C for 30 s and 72 ° C for 30 s, with a final extension at 72 ° C for 7 min. The amplified PCR products were directly sequenced in an ABI Prism 310 Automated Sequencer, using the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems). We determined the number of microsatellite repeats by visual inspection, which consisted of AT in the case of CTSC-3΄ and GT in the case of CTSC-int3.
Results
Identification of a Recurrent Mutation in the CTSC Gene
We performed direct sequencing analysis using DNA from affected members in all 3 families. Unexpectedly, we detected a missense mutation c.815G ] C which led to a change of the amino acid arginine into proline, R272P, in affected patients from each family ( fig. 2 d) . The uninvolved members were either heterozygous for the mutation or had the wild-type sequence consistent with autosomal recessive inheritance.
Haplotype Analysis
Direct sequencing analysis of both microsatellite markers around the CTSC gene showed a homozygous sequencing pattern and the same number of microsatellite repeats on the mutation-carrying allele in all 3 families, with 21 repeats of AT in the case of CTSC-3 and 14 GT repeats in the case of CTSC-int3.
Discussion
CTSC is a lysosomal enzyme that has been shown to be essential for the activation of other serine proteases such as elastase, cathepsin G or proteinase 3 [15] that are required for the activation of both the innate and the adaptive immune systems. High levels of CTSC in the skin suggest a role for it in epithelial differentiation and desquamation [13] . Mutations in the CTSC gene have been reported to result in 3 closely related conditions, i.e. PLS, Haim-Munk syndrome and prepubertal periodontitis [16] . Each of these conditions is known to exhibit autosomal recessive inheritance, and the complete absence of CTSC activity is required in order to develop the clinical phenotype of PLS [13] . Thus, residual amounts of CTSC may be sufficient to perform its functions.
PLS usually manifests itself in the first 2 years of life. It starts initially with palmoplantar hyperkeratosis and transgredient spread with the soles being more extensively involved [12] . Psoriasiform lesions may also develop over the elbows, knees, and knuckles [13] . This is followed later on by periodontitis and gingivitis with subsequent loss of primary and permanent teeth [12] . In general the development of the primary teeth is uneventful, but at the age of 3 years gingivitis and ulceration of the ginigiva start, leading to complete loss of the primary teeth by the age of 5 years [12, 17, 18] ; however, after the loss of the primary teeth, the gingiva returns to normal until about 15 years of age when the same cycle starts again and results in the loss of the permanent teeth [12, 19, 20] . The involvement of the gingivae and the periodontitis are believed to be secondary to the persistence of bacteria and the inability to activate the immune system which requires CTSC to function normally [5, 21] . Some patients may also be predisposed to pyodermas, and sometimes severe and even fatal internal abscesses may occur [22] . It 
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C/C homozygous patient G/C heterozygous carrier has also been found that Japanese PLS patients are predisposed to develop melanoma at sites of hyperkeratosis [1] . To date, several mutations in the CTSC gene have been reported in patients with PLS, including missense, nonsense, insertion and deletion mutations. The most common mutation is the missense mutation R272P on exon 6, whereas exon 7 contains most of the mutations [16] . There is no genotype-phenotype correlation [21] .
G/G homozygous control
Here, we analyze 3 families from 2 different geographical regions, one from Lebanon and the others from Pakistan. Involved members from the 3 families had typical clinical features of PLS with no difference in severity among members of the same or different families. Genetic analysis revealed the same recurrent missense mutation R272P in affected members of the 3 families. Previously 2 families with PLS have been reported from Lebanon with one of them showing the same missense mutation as our families here and the second family having a nonsense mutation R210X [13] . This mutation, R272P, has never been reported in Pakistani patients, although 4 different missense mutations have previously been found in patients from Pakistan [13, 15] . R272P is located within the heavy chain of CTSC [3] in a highly conserved region encoding part of the second turn of the central helix from the carboxy terminus of CTSC. This mutation is likely to cause distortion of the three-dimensional structure of the protein resulting in a dysfunctional protein [23] . Interestingly, the mutation R272P has been reported in populations from different regions in the world including Lebanon, Turkey, France, the Netherlands, Saudi Arabia and Europe [13] [14] [15] [24] [25] [26] . The fact that the mutation R272P is the most common mutation in the CTSC gene might suggest that it is located at a site which is a hot spot for mutation, but our results are consistent with it being a founder mutation. Moreover it has been shown in 4 Saudi Arabian families that R272P is a founder mutation. The close geographical proximity between Lebanon, Saudi Arabia and Pakistan may point toward a common ancestral origin for PLS.
